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Implantation of deep brain stimulation (DBS) electrodes via stereotactic neurosurgery has become a 
standard procedure for the treatment of Parkinson’s disease. More recently, the range of neuropsychiatric 
conditions and the possible target structures suitable for DBS have greatly increased. The former include 
obsessive compulsive disease, depression, obesity, tremor, dystonia, Tourette’s syndrome and cluster-
headache. In this article we argue that several of the target structures for DBS (nucleus accumbens, 
posterior inferior hypothalamus, nucleus subthalamicus, nuclei in the thalamus, globus pallidus internus, 
nucleus pedunculopontinus) are located at strategic positions within brain circuits related to motivational 
behaviors, learning, and motor regulation. Recording from DBS electrodes either during the operation 
or post-operatively from externalized leads while the patient is performing cognitive tasks tapping the 
functions of the respective circuits provides a new window on the brain mechanisms underlying these 
functions. This is exempliﬁ  ed by a study of a patient suffering from obsessive-compulsive disease from 
whom we recorded in a ﬂ  anker task designed to assess action monitoring processes while he received a 
DBS electrode in the right nucleus accumbens. Clear error-related modulations were obtained from the 
target structure, demonstrating a role of the nucleus accumbens in action monitoring. Based on recent 
conceptualizations of several different functional loops and on neuroimaging results we suggest further 
lines of research using this new window on brain functions.
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the brain mechanisms underlying cognition. On 
the other hand, there are still a number of remain-
ing scotomata in our view on the brain, for example 
the relative blindness of EEG-derived measures to 
activity coming from subcortical structures and the 
low temporal resolution of fMRI limiting its use for 
chronometric analyses.
Recently, the implantation of electrodes for deep 
brain stimulation (DBS) of subcortical nuclei as a 
INTRODUCTION
The ﬁ   rst two decades of cognitive neuroscience 
have been a success story that is intimately linked 
to the development of sophisticated models of cog-
nitive functions but no less so to the improvements 
in brain imaging procedures. Functional magnetic 
resonance imaging (fMRI) and surface electrophys-
iology (event-related potentials and time-frequency 
analyzed EEG) have provided a detailed picture of Frontiers in Neuroscience  July  2008 | Volume  2 | Issue  1 | 73
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Table 1 | Brief summary of targeted brain structures and neuropsychiatric conditions.
Structure Disorder  Example  reference
Ncl. Subthalamicus  Parkinson’s disease (PD)  Benabid et al. (2005, 2007)
Globus pallidus int.  Dystonia, PD  Yu and Neimat (2008)
Ventral intermediate part of the thalamus  Tremor, PD  Diederich et al. (2008)
Centre Median Nucleus/Parafascicular (CM/PF) Complex  PD  Peppe et al. (2008)
Unspeciﬁ  c thalamocortical system  Minimally conscious state  Schiff et al. (2007)
Pedunculopontine nucleus  PD  Androulidakis et al. (2008), Zrinzo et al. (2007)
Zona incerta  PD  Plaha et al. (2006)
Posterior inferior hypothalamus  Cluster headache, obesity  Bussone et al. (2007)
Ncl accumbens  OCD, depression, addiction   Kühn et al. (2007), Schlaepfer et al. (2008), Sturm et al. (2003)
therapy for neuropsychiatric disorders has opened 
a new window on brain functions (Ashby and 
Rothwell, 2000). Importantly, most patients are 
awake during the implantation for clinical reasons. 
Thus, it is feasible to record electrophysiological 
activity from the target structure during the opera-
tion or from externalized leads post-operatively, 
i.e.  before the electrodes are connected with the 
stimulator which is located beneath the pectoral 
muscle, while the patients can perform various psy-
chological tasks.
A number of groups have taken up this oppor-
tunity and have recorded surface activity and depth 
activity related to motor behavior in stimulated 
patients. They have concentrated on the physio-
logical effects of DBS of the subthalamic nucleus in 
Parkinson’s disease (PD). For example, an increase 
in amplitude of the surface recorded contingent 
negative variation (CNV) was found with stimu-
lation electrodes ‘on’ relative to the ‘off’ condition 
(Gerschlager et al., 1999). As the CNV indexes at 
least in part motor preparatory processes, this ﬁ  nd-
ing was interpreted as indicative of therapy-related 
improvement of the function of frontal and premo-
tor areas. Similarly, the ﬁ  nding of Devos et al. (2006) 
that stimulation of the STN also normalizes abnor-
mally reduced and delayed motor-related oscilla-
tory activity in PD can be interpreted in terms of a 
normalization of motor functions. A recent review 
by Valls-Sole et al. (2008) summarizes the effects of 
stimulation on cortical and subcortical (e.g. blink 
reﬂ  ex) motor behaviours in PD. By contrast, the 
goal of the current article is to highlight the pos-
sibilities of depth recordings for the elucidation of 
cognitive functions.
In particular, the recent extension of the DBS 
technique to structures like the nucleus accumbens 
or the posterior inferior hypothalamus, i.e. brain 
structures that are intimately related to   motivation, 
learning and performance monitoring calls for 
research efforts addressing these functions. A sum-
mary of targeted structures and disorders is given 
by Table 1.
STRUCTURES, LOOPS, AND FUNCTIONS
A seminal concept introduced in the 1980s pro-
posed that information processing in several impor-
tant domains is supported by frontal–basal ganglia 
loops organized in parallel pathways throughout the 
basal ganglia (Alexander et al., 1986; Middleton and 
Strick, 2000). This concept has been broadened con-
siderably over the past 20 years and loop-like organi-
zational patterns have been described for a number 
of other regions. Importantly, such models help us to 
make reasonable predictions about the contribution 
of subcortical structures to information processing 
and to test these using intracranical recordings from 
DBS electrodes (see Figure 1).
The three greatly simpliﬁ  ed circuits represent 
networks that are currently accessible with record-
ings from DBS electrodes. Left: The learning cir-
cuit was adapted from work by Lisman and Grace 
(2005) who argue that the hippocampus and the 
midbrain dopaminergic neurons form a func-
tional loop. Novel information that is not stored 
in long-term memory activates the hippocampus 
from where the novelty signal is sent through the 
subiculum, Ncl accumbens, and ventral pallidum 
to the dopaminergic midbrain inducing novelty-
dependent ﬁ  ring of these cells. This ﬁ  ring results 
in release of dopamine in the hippocampus where 
it enhances long-term potentiation and as, as a 
consequence, learning. Of this loop currently the 
Ncl accumbens has been selected as a target for 
DBS. Middle: The motivation circuit was adapted 
from work by Swanson (2000) and Kelley (2004). 
The hypothalamus is a main center for digestive, 
defensive and reproductive, i.e. basic motivated 
behaviors and besides   visceral and autonomic 
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midbrain. The expectation and consumption of 
primary and secondary rewards leads to an acti-
vation of the midbrain and in turn to dopamin-
ergic stimulation of the Ncl accumbens and the 
prefrontal cortex. The  Ncl accumbens integrates 
rewards and appears to weigh information com-
ing from limbic areas (amygdale, hippocampus, 
not shown) and prefrontal cortex in order to direct 
behavior. Of this network currently the hypothala-
mus and the Ncl accumbens are targeted by DBS 
procedures. Right: The motor circuit is based on 
work by Alexander et al. (1986). Its functions have 
recently been addressed in modeling work by Frank 
(2006) which makes very speciﬁ  c predictions as to 
the behaviors of the different components of this 
circuit in motor tasks (e.g., GoNogo task). Of this 
loop the subthalamic nucleus, the globus pallidus 
internus and several parts of the thalamus (most 
commonly the VIM nucleus) are currently targeted 
by DBS.
POTENTIAL QUESTIONS AND PARADIGMS
In line with the proposal by Lisman and Grace (2005) 
illustrated in Figure 1 (left), a number of neuroim-
aging studies have explored the contribution of 
the dopaminergic midbrain to novelty processing 
and memory formation. For example Wittmann 
et al. (2007) presented symbolic cues that predicted 
either novel or familiar images of scenes with 75% 
validity and showed midbrain activation by cues 
predicting novel images as well as by unexpected 
novel images that followed familiarity-predictive 
cues. Moreover, an anticipatory novelty response 
was found in the hippocampus which was associated 
to enhanced encoding of novel events. In a reward-
motivated memory formation task (Adcock et  al., 
2006) high-reward cues preceding remembered but 
not forgotten scenes activated the ventral tegmen-
tal area, nucleus accumbens, and hippocampus, 
i.e. the ‘memory circuit’ depicted in Figure 1 (left). 
Such paradigms exploring the effects of novelty and 
reward on memory formation could be adapted 
easily to the experimental requirements of record-
ing from DBS electrodes located in the nucleus 
accumbens. In particular the temporal dynamics of 
the depth responses in relation to the novelty stimu-
lus would be of interest.
Efﬁ  cacy in probabilistic learning tasks has been 
shown to vary as a function of the state of the 
dopaminergic system in Parkinson’s disease (Frank 
et al., 2004) with functional imaging demonstrat-
ing involvement of the midbrain and the ventral 
striatum in the learning of stimulus response asso-
ciations (Marco-Pallares et al., 2007). Interestingly, 
modelling work by Frank (2006) has stressed the 
role of the subthalamic nucleus in probabilistic 
learning. In particular, models with lesions of the 
subthalamic nucleus were impaired at high con-
ﬂ  ict choices (i.e. between two positively associated 
responses) and were equally likely to choose the 
70% and 80% response. This suggests that intrac-
erebral recordings of both, Ncl accumbens and Ncl 
Figure 1 | Target brain circuits for the investigation with recordings from DBS electrodes.
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subthalamicus should be revealing. In particular 
activity in the subthalamic nucleus could be used to 
test the model of Frank (2006).
The ventral striatum including the Ncl accum-
bens has been shown to be involved in reward antic-
ipation (Cohen et al., 2007; Yacubian et al., 2006) 
and consumption (McClure et al., 2004). Because 
of their low temporal resolution, fMRI investiga-
tions do not allow to temporally dissect the neuro-
physiological mechanisms involved in anticipation 
and consumption of rewards (Dillon et al., 2008), 
which calls for intracerebral recordings from the 
Ncl accumbens in reward tasks.
With regard to the homeostatic functions of 
the hypothalamus, a number of simple paradigms 
have found activations of the hypothalamus to food 
(Smeets et al., 2005) and sexually signiﬁ  cant (Karama 
et al., 2002) stimuli. Recordings from the hypotha-
lamus might shed further light on the temporal 
dynamics of these basic housekeeping functions.
With regard to the motor circuit, a number 
of tasks involving response conﬂ  ict (Wendt et al., 
2007), a go/nogo (Falkenstein et al., 1999; Sasaki 
and Gemba, 1986), or a stop manipulation (Krämer 
et al., 2007) are promising. Or particular interest is 
the fact that the motor system can be tapped at dif-
ferent levels (e.g. subthalamic nucleus, globus pal-
lidus internus, VIM nucleus of the thalamus).
THE SIGNALS
The most promising signal for cognitive investigations 
from subcortical structures is the local ﬁ  eld potential 
(LFP) which is the band-pass ﬁ  ltered (usually between 
1 and 150 to 300 Hz) spontaneous electrical activity 
recorded with micro- or macro-electrodes. The LFP 
comprises mostly the summated synchronized EPSPs 
and IPSPs from within 0.5–3 mm of the electrode-tip 
(Juergens et al., 1999; Magill et al., 2004a,b). Micro-
electrodes can also be used to record multi-unit spike 
activity (typical ﬁ  lter settings 0.5–10 kHz), but such 
recordings have not yet been explored with regard to 
cognitive processes. Importantly, Kühn et al. (2005) 
have shown by simultaneous recordings of LFP and 
multiunit spikes and subsequent spike-triggered aver-
aging of the LFP that the discharges of neurons in 
subthalamic nucleus were locked to beta oscillations 
in the LFP. This further strengthens the assumption 
that the LFP is reﬂ  ecting the physiological status of the 
target structure.
A critical issue of recording from subcorti-
cal structure is the choice of reference electrode. 
While some researchers have used a scalp reference 
(Dinner et al., 2002), bipolar recordings between 
either the different contacts of the DBS electrode 
or the electrode-tip and the guiding tube (see case 
example in An Example: Action Monitoring and 
The Ncl Accumbens) are preferable, as this avoids 
contamination of the depth signals by cortical EEG 
(Wennberg and Lozano, 2006).
The analysis of the LFP can either be in the time-
domain by performing event-related averaging simi-
lar to surface ERPs or in the frequency domain, e.g. 
by performing wavelet transforms (see, e.g., Marco-
Pallares et al., 2008). Further options include the cal-
culation of frequency speciﬁ  c coherence between the 
depth signal and recordings obtained on the surface 
of the scalp. An interesting example for this approach 
is the work of Fogelson et al. (2005) who recorded 
local ﬁ  eld potentials from the subthalamic area in 
Parkinson patients and found regionally speciﬁ  c 
coherence such that coherence in the theta-band was 
predominantly seen for mesial and lateral surface 
electrodes, whereas alpha and lower beta coherence 
involved the mesial and ipsilateral motor areas, and 
ﬁ  nally upper beta coherence was observed mainly 
for electrodes over the midline cortex. Moreover, 
the temporal relationship between depth and sur-
face activity (calculated from the phase of the activ-
ity) was different in that the depth activity either led 
surface activity or vice versa. This suggested several 
functional loops between the subthalamic nucleus 
and the cortical motor regions deﬁ  ned  by  their 
frequency, topographical and temporal features. 
Application of this approach or more recent exten-
sions, such as Granger causality (Astolﬁ   et al., 2006; 
Supp et  al., 2007) to simultaneous depth/surface 
recordings in cognitive tasks might greatly improve 
our knowledge of the task-dependent functional 
relations between subcortical and cortical areas.
AN EXAMPLE: ACTION MONITORING 
AND THE NCL ACCUMBENS
A full account of this case report can be found in 
Münte et al. (2008). Starting point of this investigation 
have been theoretical accounts (Holroyd and Coles, 
2002) and experimental investigations in animals 
(Schultz et al., 1997, Schultz, 2006) as well as humans 
(Krämer et al., 2007) that stress the role of dopamin-
ergic signals in performance monitoring. Given the 
fact that the midbrain dopaminergic system projects 
to the medial frontal cortex and to the Ncl accumbens 
and, furthermore, that the Ncl accumbens has been 
proposed to serve as an integrator of limbic and pre-
frontal input using the dopaminergic signals to regu-
lates their balance in goal-directed behaviour (Goto 
and Grace, 2005; Grace, 2000; Grace et al., 2007), 
we hypothesized that the dopaminergic error signal 
should be detectable in the local ﬁ  eld potential from 
the Ncl accumbens. A simple experiment, yielding 
 sufﬁ  cient numbers of performance errors in a very 
short period of time (∼5 min) and therefore ideal for 
intraoperative recordings, is the Eriksen ﬂ  anker task 
(see Figure 2A). By presenting congruent and incon-
gruent stimuli and by imposing an RT deadline a 76 | July  2008 | Volume  2 | Issue  1  www.frontiersin.org
Figure 2 | Illustrative case. (A) The Eriksen ﬂ  anker task requires to respond to the center let-
ter of a 5-letter array with either a left-hand (for letter H) or right-hand response (letter S). 
Incongruent trials (either HHSHH or SSHSS) increase the number of errors produced by the 
participant. (B) Averaged ERP from the electrode site Cz (reference at the right mastoid proc-
ess) and averaged LFP activity from the Ncl accumbens (stainless macro-electrode contact, 
reference: guiding tube of electrode). The surface electrode shows an error related negativity 
(ERN). Ncl accumbens activity similarly shows an error-related modulation which preceded the 
surface activity by ∼40 ms. (C) Coherence between the contact in the Ncl accumbens and the 
Cz electrode: Coherence is a measure of the degree to which it is possible to linearly predict 
change in one signal given a change in another signal (Brillinger, 1981; Halliday et al., 1995). 
Coherence can take values between 0 and 1, with 0 indicating non-linearly related signals and 
1 corresponding to identical signals. A marked coherence was observed with a peak around 3 Hz 
which was considerably larger for the error trials.
high proportion of errors is obtained in normal par-
ticipants and patients. If electrophysiological activity 
is averaged time-locked to the error, a mediofrontal 
phasic negativity with a maximum at about 50 ms is 
obtained, the error-related negativity (ERN). Source 
modeling studies have revealed the anterior cingu-
late cortex as the site of the main generator of the 
ERN (Luu and Tucker, 2001) which coincides with 
functional neuroimaging that have obtained error-
related activations in the anterior cingulate cortex 
and adjacent pre-SMA, as well (Ullsperger and von 
Cramon, 2003).
The study patient was a 39-year-old male student 
who had been suffering from severe and   therapy-
refractory OCD (ICD 10 classiﬁ  cation: F42.2) since 
age 11. All standard pharmacological and psycho-
therapeutic interventions had been unsuccessful 
and there were no further neuropsychological prob-
lems in addition to OCD. The patient was tested 
on the day prior to the operation to familiarize 
him with the task and to record ERPs in a standard 
  session and twice during the operation, once with 
the active electrode situated 5 mm above and a sec-
ond time with the electrode directly within the right 
Ncl accumbens. The pretest revealed an exceedingly 
high ERN, typical for patients with OCD patients 
(Gehring et  al., 2000) which indicates excessive 
action monitoring in OCD. This interpretation is 
corroborated by the fact that post-error slowing, 
as a sign of behavioural adaptation (Rabbitt, 1966), 
was much more pronounced in the patient (∼70 ms) 
than in a group of normal controls (∼25 ms).
During the operation, a clear ERN was seen in 
the surface recordings. Local ﬁ  eld potentials from 
the depth electrodes showed error-related modula-
tions in the Ncl accumbens but not from a position 
5 mm above the target (see Figure 2B). Moreover, 
error-related activity in the Ncl accumbens pre-
ceded surface activity by 40 ms and coherence anal-
ysis (Figure 2C) showed a higher correlation for 
error than correct trials in the frequency band of 
the ERN between the Ncl accumbens and the scalp 
surface. The time-delay between depth and surface 
activity and the fact that no error-modulation was 
seen in the recording 5 mm above target argue for 
a local origin of the error-related activity in the 
Ncl accumbens as volume conductance could not 
induce a time-shift of the observed magnitude.
These results were interpreted as indicating a 
speciﬁ  c involvement of the Ncl accumbens in error 
processing and action monitoring. The error sig-
nals received by the Ncl accumbens might be used 
to weigh the information coming from the different 
inputs illustrated in the middle section of Figure 1 
resulting in an adjustment of response strategies.
A RESEARCH AGENDA
The recent upsurge of deep brain stimulation surgery 
and its extension to brain structures highly relevant 
for the regulation of motor behavior, motivation 
and memory provides a unique chance for cognitive 
neuroscientists. To make full use of this new win-
dow on brain functions investigations should
￿ employ  paradigms  derived  from  neuroanatomical 
and cognitive models involving the target structure
￿  be carried out in the context of a multimodal 
(fMRI, ERP) imaging approach
￿  relate intracerebral electrical activity with parallel 
surface recordings in order to delineate the func-
tional relationships between cortical and subcor-
tical regions.
Obviously, this new approach has its own 
problems. First, the choice of the stimulation site 
is dictated by clinical considerations and thus 
a great number of potentially interesting target 
areas will stay out of limits for cognitive neuro-
scientists. Second, the target structures harbor 
functionally and neuroanatomically distinct sub-
areas, such that recordings may or may not be 
made from the relevant area. Third, the targets 
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have been singled out because the disease of the 
patient leads to dysfunction of the target which is 
intended to be normalized by DBS. This is appar-
ent in particular in Parkinson’s disease, where it 
has been shown that neurons in the subthalamic 
nucleus and the globus pallidus internus ﬁ  re at 
increased rates and with oscillatory burst-like pat-
terns (Bergman et al., 1994; Filion and Tremblay, 
1991). This indicates that recordings from these 
structures may be partially altered by the   disease. 
While the extent of functional alterations of the 
target structure may be smaller in, say, the Ncl 
accumbens in OCD or depressive patients, these 
conditions have been associated with abnormal 
reward processing in the literature and thus, again, 
results from depth recordings in these patients 
should be viewed as just one piece in a jig-saw 
puzzle which need corroborating evidence from 
multiple methodologies.
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